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BACKGROUND OF THE INVENTION 
Field of the Invention 

[0001] This invention relates in general to integrated circuits and specifically to level 
shifters for integrated circuits. 

Description of the Related Art 

[0002] Level shifters are utilized in integrated circuits for changing the voltage of a signal 
from a first voltage to a second voltage. 

[0003] Figure 1 is a circuit diagram of a prior art level shifter. Level shifter 101 includes 
circuitry located in a voltage domain 1 (Domain 1) of an integrated circuit and circuitry 
located in a voltage domain 2 (Domain 2) of an integrated circuit. A voltage domain is a 
portion of an integrated circuit that is operable at a given supply voltage. An inverter 109 is 
located in Domain 1. N type field effect transistors (NFETs) 1 17 and 1 15 and P-type field 
effect transistors (PFETs) 1 1 1 and 1 13 are located in Domain 2. Inverter 1 19 includes a 
power supply terminal coupled to a Domain 1 voltage supply rail 109 (at voltage VDD1). A 
source/drain terminal (a current terminal of a FET) of PFET 1 1 1 and a source/drain terminal 
of PFET 1 13 are connected to Domain 2 voltage supply rail 107 (at voltage VDD2). 

[0004] A high voltage (e.g. VDD1) at input terminal 103 makes NFET 1 17 conductive 
and pulls the output of inverter 1 19 to VSS. The output of inverter 1 19 being at VSS makes 
NFET 1 15 non conductive. Making NFET 1 17 conductive pulls the gate terminal (the 
control terminal of a FET) of PFET 1 13 to VSS making PFET 113 conductive. Making 
PFET 113 conductive pulls output terminal 105 to VDD2 thereby making PFET 1 1 1 non 
conductive. Accordingly, a change to a high voltage of VDD1 at terminal 103 corresponds to 
a change to high voltage of VDD2 at terminal 105. Also, a change to a low voltage of VSS at 
terminal 103 corresponds to a change to a low voltage of VSS at terminal 105. 
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[0005] Level shifter 101 is a unidirectional in that a change in the voltage of terminal 105 
will not cause a corresponding change in voltage of terminal 103. In addition, level shifter 
101 includes two lines that cross domain boundary 104 (the line from the output of inverter 
1 19 to the gate terminal of NFET 1 15 and the line from signal terminal 103 to the gate 
terminal of NFET 117). 

[0006] Figure 2 is a circuit diagram of another prior art level shifter. Level shifter 201 
includes a resistor 208 coupled to a Domain 2 voltage supply rail 207 (at VDD2). Resistor 
208 is connected to NFET 213, both of which are located in the second voltage domain 
(Domain 2). An output terminal 205 is connected to the source/drain terminal of NFET 213. 
The input terminal 203 is connected to the input of inverter 21 1, which is located in voltage 
domain 1 (Domain 1). The output of inverter 21 1 is coupled to the gate terminal of 
NFET 213. Level shifter only has one signal line (the signal line from the output of inverter 
21 1 to the gate terminal of NFET 213) that crosses the domain boundary 204. However, a 
constant current flows through resister 208 when NFET 213 is conductive. This constant 
current flow consumes energy during operation. 

[0007] What is needed is an improved level shifter. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0008] The present invention may be better understood, and its numerous objects, 
features, and advantages made apparent to those skilled in the art by referencing the 
accompanying drawings. 

[0009] Figure 1 is a circuit diagram of a prior art level shifter. 
[0010] Figure 2 is a circuit diagram of a prior art level shifter. 

[0011] Figure 3 is a circuit diagram of one embodiment of an integrated circuit including 
a level shifter according to the present invention. 

[0012] Figure 4 is a circuit diagram of a another embodiment of an integrated circuit 
including a level shifter according to the present invention. 

[0013] Figure 5 is a circuit diagram of another embodiment of a level shifter according to 
the present invention. 
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[0014] The use of the same reference symbols in different drawings indicates identical 
items unless otherwise noted. 

DETAILED DESCRIPTION 

[0015] The following sets forth a detailed description of a mode for carrying out the 
invention. The description is intended to be illustrative of the invention and should not be 
taken to be limiting, 

[0016] Figure 3 is a circuit diagram of one embodiment of an integrated circuit 300 
including a level shifter 301 according to the present invention. Level shifter 301 includes 
PFETs 321 and 323 and NFETs 325 and 317 located in voltage domain 1 (Domain 1). Level 
shifter 301 also includes PFETs 31 1 and 313 and NFETs 327 and 315 located in voltage 
domain 2 (Domain 2). Source/drain terminals of PFETs 321 and 323 and the gate terminal 
of NFET 325 are connected to Domain 1 voltage supply rail 309 (at voltage VDD1) and a 
source/drain terminal of NFET 317 is connected to the VSS rail (at voltage VSS). 

[0017] Sourced/drain terminals of PFETs 3 1 1 and 3 13 and the gate terminal of NFET 327 
are connected to Domain 2 voltage supply rail 307 (at VDD2), and a source/drain terminal of 
NFET 315 is connected to the VSS rail. 

[0018] Level shifter 301 includes a first signal terminal (ST1) 303 coupled to a circuit 
331 of integrated circuit 300 located in Domain 1. Circuit 331 is powered at VDD1. Signals 
are conveyed between circuit 331 and level shifter 301 via terminal 303. Level shifter 301 
includes a second signal terminal (ST2) 305 coupled to a circuit 341 of integrated circuit 300 
which is located in Domain 2 and is powered at VDD2. Signals are conveyed between 
circuit 341 and level shifter 301 via terminal 305. In one embodiment, signal terminals 303 
and 305 are locations in the signal lines between level shifter 301 and circuits 331 and 341, 
respectively. 

[0019] Level shifter 301 is a non inverting level shifter in that a change in the voltage of 
terminal 303 from a low voltage (e.g. VSS) to a high voltage (e.g. VDD1) causes a 
corresponding change from a low voltage (e.g. VSS) at terminal 305 to a high voltage 
(e.g. VDD2) and a change in the voltage of terminal 303 from a high voltage to a low voltage 
causes a corresponding change in the voltage of terminal 305 from a high voltage to a low 
voltage. However, in other embodiments, level shifter 301 may be an inverting level shifter 
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in that a change in the voltage of terminal 303 in one direction (e.g. low to high) causes a 
corresponding change in the voltage of terminal 305 in the opposite direction (e.g. high to 
low). 

[0020] Level shifter 301 is a bi-directional level shifter in that a change in voltage of 
terminal 305 also causes a corresponding change in voltage of terminal 303. Accordingly, 
terminal 303 can be utilized as an input and terminal 305 can be utilized as an output or 
terminal 305 can be utilized as an input and terminal 303 can be utilized as an output. 

[0021] In the embodiment shown, terminal 303 is coupled to circuit 331 and terminal 305 
is coupled to circuit 341. In the embodiment shown, circuit 331 is capable of providing a 
signal to terminal 303 and receiving a signal from terminal 303. Also in the embodiment 
shown, circuit 341 is capable of receiving a signal from terminal 305 and providing a signal 
to terminal 305. In one embodiment, circuit 331 includes a processor (not shown) and circuit 
341 includes an I/O pad (not shown). In another embodiment circuit 33 1 includes a 
peripheral or processor circuit (not shown) and circuit 341 includes a bi-directional bus (not 
shown). 

[0022] In the embodiment shown, circuits 331 and 341 each include circuitry for 
directing the flow of a signal through level shifter 301. In the embodiment shown, circuit 331 
includes tri-state buffers 333 and 335 which are oppositely controlled by an In/*Out signal to 
determine whether circuit 331 will provide a signal to terminal 303 or receive a signal from 
terminal 303. Circuit 341 also includes tristate buffers 343 and 345 which are oppositely 
controlled by the In/*Out signal to determine whether circuit 341 will provide a signal to 
terminal 305 or receive a signal from terminal 305. During the operation of circuit 300, level 
shifter 301 may be used to shift signals in either direction depending upon the state of the 
In/*Out signal. Other embodiments may include other circuitry/and or other operating 
protocol for determining the direction flow of a signal through level shifter 301. 

[0023] Using a bi -directional level shifter may advantageously provide for a circuit with 
less signal lines crossing a domain boundary (e.g. 304), which may reduce routing 
congestion. Also, using a bi-directional level shifter may also allow for a reduction in 
circuitry in an integrated circuit. 
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[0024] In the embodiment shown, level shifter 301 can be utilized to upshift or downshift 
the voltage of a signal in either direction. For example, when terminal 303 is utilized as an 
input and terminal 305 is utilized as an output, level shifter 301 can operate where VDD1 is 
either greater or less than VDD2. Likewise, when terminal 305 is utilized as an input and 
terminal 303 is utilized as an output, level shifter 301 can operate where VDD1 is either 
greater than or less than VDD2. In the embodiment shown, PFET 323 is utilized to pull 
terminal 303 to VDD1 and PFET 31 1 is utilized to pull terminal 305 to VDD2. Accordingly, 
level shifter 301 is operable in a system where the supply voltages of Domain 1 and Domain 
2 are independently variable. For example, level shifter 301 can be used where VDD1 and/or 
VDD2 is reduced during operation for the circuitry of Domain 1 and/or Domain 2 to operate 
in a low power mode. 

[0025] A change in the voltage of terminal 303 from a low voltage (e.g. VSS) to a high 
voltage (e.g. VDD1) causes NFET 315 to become conductive, thereby pulling the gate 
terminal of PFET 3 1 1 to VSS making PFET 3 1 1 conductive. PFET 3 1 1 being conductive 
pulls terminal 305 to VDD2 and pulls the gate terminal of PFET 313 to VDD2. Terminal 303 
going to a high voltage also causes PFET 321 to become non conductive. PFET 311 
becoming conductive pulls the gate terminal of NFET 317 to VDD2, thereby making it 
conductive and pulling the gate terminal of PFET 323 to VSS (which makes PFET 323 
conductive). Making PFET 323 conductive pulls terminal 303 to VDD1 via a conductive 
PFET 323. 

[0026] Level shifter 301 also includes a current path from terminal 303 to terminal 305 
that includes NFETs 325 and 327. When terminal 303 is initially at a low voltage (e.g. VSS), 
NFETs 325 and 327 are conducting to pull the voltage of terminal 305 to the low voltage 
(e.g. VSS) of terminal 303. When the voltage of terminal 303 changes to a high voltage, the 
voltage of terminal 305 is pulled toward the voltage of terminal 303 through conductive 
NFETs 325 and 327. This path through NFETs 325 and 327 may advantageously provide 
for reduced propagation delay from a change in the voltage at 303 to a change in the voltage 
of 305 (and vice versa). 

[0027] If VDD1 is lower than VDD2, as the voltage of terminal 303 rises towards VDD1, 
the voltage at node 328 reaches the voltage of that is within the voltage threshold (of NFET 
325) of the voltage (VDD1) of the control gate of NFET 325, thereby causing NFET 325 to 
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become non conductive. When NFET 325 becomes non conductive at this time, current stops 
flowing through NFET 325 and 327. At this time, however, PFET 31 1 is conductive to 
"lock" the voltage of terminal 305 at VDD2. Because PFETs 323 and 31 1 are conductive 
when terminal 303 is at a high voltage and terminal 305 is at a high voltage, NFETs 325 and 
327 being conductive would cause the voltage supply rails 309 and 307 to be coupled to each 
other. However, as stated above, as the voltage of terminal 303 approaches VDD1, NFET 
325 becoming non conductive cuts off the flow of current in the path between VDD2 rail 307 
and VDD1 rail 309. 

[0028] If VDD1 is higher than VDD2, as the voltage of terminal 305 is pulled toward 
VDD2 from VSS, the voltage at node 330 approaches the voltage of that is within a voltage 
threshold (of NFET 327) of the voltage (VDD2) of control gate of NFET 327, thereby 
causing NFET 327 to become non conductive and cutting off the flow of current in the path 
from VDD1 rail 309 to VDD2 rail 307. 

[0029] When the voltage of terminal 303 goes from a high voltage (e.g. VDD1) to a low 
voltage (e.g. VSS), the voltage at node 328 drops to a voltage less than the threshold voltage 
of NFET 325 from VDD1, thereby NFET 325 becomes conductive pulling node 326 low 
(and causing NFET 327 to be conductive). With NFETs 325 and 327 becoming conductive, 
terminal 305 is pulled to a low voltage though NFETs 327 and 325 and terminal 303 to VSS. 

[0030] The voltage of terminal 303 going from a high voltage to a low voltage also 
makes NFET 315 non conductive and PFET 321 conductive. The voltage of terminal 305 
going from a high voltage to a low voltage makes PFET 313 conductive and NFET 317 non 
conductive. PFET 313 becoming conductive makes PFET 31 1 non conductive. Making 
PFET 321 conductive makes PFET 323 non conductive. 

[0031] Level shifter 301 operates in a similar manner when terminal 305 is utilized as an 
input and terminal 303 is utilized as an output with PFETs 31 1 and 313 and NFETS 327 and 
315 operating like PFETs 323 and 321 and NFETs 325 and 317, respectively, (and vice 
versa) when terminal 303 is utilized as an input and terminal 305 is utilized as an output, as 
described above. 

[0032] Figure 4 shows another embodiment of an integrated circuit 400 including a level 
shifter 401 according to the present invention. Level shifter 401 includes PFETs 421 and 423 
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and NFETs 425 and 417 located in voltage domain 1 (Domain 1) of integrated circuit 400. 
Level shifter 401 also includes PFETs 41 1 and 413 and NFETs 427 and 415 located in 
voltage domain 2 (Domain 2) of integrated circuit 400. Source/drain terminals of PFETs 421 
and 423 and the gate terminal of NFET 425 are connected to Domain 1 voltage supply rail 
409 (at VDD1) and a source/drain terminal of NFET 417 is connected to a VSS rail. 
Sourced/drain terminals of PFETs 41 1 and 413 and the gate terminal of NFET 427 are 
connected to Domain 2 voltage supply rail 407 (at VDD2), and a source/drain terminal of 
NFET 415 is connected to the VSS rail. 

[0033] Level shifter 401 includes a first signal terminal (ST1) 403 coupled to circuit 431 
of integrated circuit 400 located in Domain 1. Circuit 431 is similar to circuit 331 of Figure 
3. Circuit 431 is powered at VDD1. Signals are conveyed between circuit 431 and level 
shifter 401 via terminal 403. Level shifter 401 includes a second signal terminal (ST2) 405 
coupled to circuit 441 of integrated circuit 400 which is located in Domain 2 and is powered 
at VDD2. Circuit 441 is similar to circuit 341 of Figure 3. Signals are conveyed between 
circuit 441 and level shifter 401 via terminal 405. 

[0034] As with level shifter 301 of Figure 3, level shifter 401 is a bi-directional level 
shifter where terminal 403 is operable as an input and terminal 405 is operable as an output or 
terminal 405 is operable as an input and terminal 403 is operable as an output. Furthermore, 
as with level shifter 301, level shifter 401 is operable in either direction where VDD1 is 
either greater or less than VDD2. 

[0035] Level shifter 401 includes a current path between terminal 403 and terminal 405 
that includes NFETs 425 and 427. As with NFETs 325 and 327 of Figure 3, these NFETs are 
utilized to cut the flow of current between VDD1 rail 409 and VDD2 rail 407 (through 
conducting PFETs 423 and 411) when terminals 403 and 405 are at a high voltage. 

[0036] Level shifter 401 is similar to level shifter 301 except that the gate terminal of 
NFET 417 is connected to signal terminal 403 and the gate terminal of NFET 415 is 
connected to signal terminal 405. With level shifter 301, the gate terminal of NFET 317 is 
connected (by a signal line that crosses domain boundary 304) to signal terminal 305 and the 
gate terminal of NFET 315 is connected (by a signal line that crosses domain boundary 304) 
to signal terminal 303. See Figure 3. Accordingly, with level shifter 401, only one signal 
line 426 crosses domain boundary 404. 
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[0037] Providing a level shifter than includes only one signal line crossing a domain 
boundary may provide an integrated circuit with less routing congesting between voltage 
domains of the integrated circuit. 

[0038] Figure 5 is a circuit diagram of another embodiment of a level shifter according to 
the present invention. Level shifter 501 includes PFETs 51 1 and 513, NFETs 515 and 525, 
and gate bias circuit 529 located in voltage domain 2 (Domain 2). Level shifter 501 is a 
unidirectional, inverting level shifter with terminal 503 serving as an input terminal and 
terminal 505 serving as an output terminal. 

[0039] Level shifter 501 includes a gate bias circuit 529 that sets the voltage of the gate 
terminal of NFET 525 to a voltage that is less than VDD1 plus the voltage threshold of NFET 
525 but more than the threshold voltage of NFET 525 plus the threshold voltage of NFET 
515. In one embodiment, circuit 529 includes a NFET having a source/drain terminal and a 
gate terminal connected to VDD2 rail 507 and a second source/drain terminal connected to 
the gate terminal of NFET 525. 

[0040] When the voltage of terminal 503 changes from a low voltage (e.g. VSS) to a high 
voltage (e.g. VDD1), NFET 515 becomes conductive to pull the voltage of terminal 505 to 
VSS and to make PFET 511 conductive. Making PFET 51 1 conductive pulls node 514 to 
VDD2 and makes PFET 513 non conductive. 

[0041] As the voltage of terminal 503 reaches a voltage of one threshold voltage from the 
voltage of the gate terminal of NFET 525, NFET 525 becomes non conductive, thereby 
cutting off the flow of current in a path between a voltage supply rail (not shown in Figure 5) 
of domain 1 and the voltage supply rail 507 (at VDD2) of Domain 2. Cutting off the flow of 
current may advantageously reduce power when terminal 503 is at a high voltage state. In 
other embodiments, level shifter 501 may include additional transistors in the supply path for 
cutting off the flow of current. In one embodiment, the number of transistors is dependent 
upon the difference in voltage between VDD2 and VDD1 as well as the threshold voltages of 
the transistors. 

[0042] When terminal 503 changes from a high voltage to a low voltage, NFET 525 
becomes conductive to make NFET 515 non conductive and to make PFET 513 conductive to 
pull terminal 505 to VDD2. Pulling terminal 505 to VDD2 makes PFET 51 1 non conductive. 
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[0043] With the level shifter of Figure 5, only one signal line crosses domain signal 
boundary 504. 

[0044] In some embodiments of the level shifters of the Figures 3-5, the transistor bodies 
of the NFETs and PFETs shown are connected to their source terminals. In one embodiment 
of level shifter 301, the transistor body of NFET 325 is connected to node 328 and the 
transistor body of NFET 327 is connected to node 330. In other embodiments, the transistor 
bodies of the NFETs are connected to the VSS rail and the transistor bodies of the PFETs are 
connected to the voltage rail of their domain voltage supply. 

[0045] Those of skill in the art will appreciate that, based upon the teachings, the 
embodiments shown and described herein may include further modifications. Level shifters 
301, 401, and 501 may have other configurations. For example, level shifters 301 and 401 
may be modified to be inverting level shifters and level shifter 501 may be modified to be a 
non inverting level shifter. Also, level shifters 301, 401, and 501 may be implemented with 
other types of transistors. 

[0046] In one embodiment, an integrated circuit includes a bi-directional level shifter. 
The bi-directional level shifter includes first signal terminal operable as an input and an 
output. When being operable as an input, the first signal terminal receives a first signal 
compatible with a first voltage domain of the integrated circuit. When being operable as an 
output, the first signal terminal provides a shifted signal compatible with the first voltage 
domain of the integrated circuit. The bi-directional level shifter includes a second signal 
terminal operable as an output and an input. When being operable as an output, the second 
signal terminal provides a shifted signal compatible with a second voltage domain of the 
integrated circuit. When being operable as an input, the second signal terminal receives a 
second signal compatible with the second voltage domain of the integrated circuit. The level 
shifter further including level shift circuitry coupled between the first signal terminal and the 
second signal terminal. The level shift circuitry translates the first signal compatible with the 
first voltage domain to the shifted signal compatible with the second voltage domain when 
the first signal terminal is operable as an input. The level shift circuitry translates the second 
signal compatible with the second voltage domain to the shifted signal compatible with the 
first voltage domain when the second signal terminal is operable as an input. In still a further 
embodiment, the level shift circuitry includes at least one current cut-off transistor. 
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Responsive to being non conductive, the at least one current cut-off transistor operates to cut 
off current flowing in a current path between a first voltage domain voltage supply and 
second voltage domain voltage supply. 

[0047] In another embodiment, a method includes providing a first signal to a first signal 
terminal of a level shifter. The first signal is compatible with a first voltage domain. In 
response to the providing the first signal, the level shifter provides at a second signal terminal 
of the level shifter a shifted signal compatible with a second voltage domain. The method 
also includes providing a second signal to the signal terminal of the level shifter, the second 
signal is compatible with the second voltage domain. In response to the providing the second 
signal, the level shifter provides at the first signal terminal a shifted signal compatible with a 
first voltage domain. 

[0048] In another embodiment, an integrated circuit includes a level shifter. The level 
shifter includes a first signal terminal configured to receive a first signal compatible with a 
first voltage domain of the integrated circuit. The level shifter includes a second signal 
terminal configured to output a shifted signal compatible with a second voltage domain of the 
integrated circuit. The second voltage domain includes a power supply voltage that is higher 
than a power supply voltage of the first voltage domain. The level shifter also includes level 
shift circuitry located in the second voltage domain. The level shift circuitry translates the 
first signal received via a signal line from the first voltage domain to the shifted signal and 
including means for cutting off current of a current path including the signal line sourced by a 
second voltage domain supply when the signal line is at high voltage. 

[0049] While particular embodiments of the present invention have been shown and 
described, it will be recognized to those skilled in the art that, based upon the teachings 
herein, further changes and modifications may be made without departing from this invention 
and its broader aspects, and thus, the appended claims are to encompass within their scope all 
such changes and modifications as are within the true spirit and scope of this invention. 
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